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Abstract
We present an experimental study of the dynamics of holes in the valence
bands of 0, 1, and 2 dimensional undoped model cuprates, as expressed via
the screening of a Cu 2p core hole. The response depends strongly upon the
dimensionality and the details of the Cu-O-Cu network geometry and clearly
goes beyond the present theoretical state-of-the-art description within the
three-band d-p model.
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The dynamics of single hole states in low dimensional, highly correlated electron systems
are currently of great interest in the context of the high-TC superconducting cuprates. Re-
cently, the band dispersion of a single hole in an antiferromagnetic insulator consisting of a
two-dimensional (2D) Cu-O network has been studied1 and has promoted further investiga-
tions in this direction.2,3 As regards one-dimensional (1D) CuO2 chain systems, a separation
between spin and charge excitations most unlike the planar CuO2 systems has recently been
reported in the zigzag chain cuprate SrCuO2.
4
The application of core level x-ray photoemission spectroscopy (XPS) to study the elec-
tronic structure of correlated systems is widely established, and from an analysis of their
Cu 2p core level line shapes important contributions to the understanding of the electronic
structure of the high-TC cuprates have been derived.
5 Experimentally, the Cu 2p photoelec-
tron spectra of the formally divalent copper compounds show a so-called satellite emission
at higher binding energy than a broad asymmetric main line. Such spectra can be approxi-
mately described with cluster calculations6 or in an Anderson impurity model5,7 using only
one Cu site. These single-site models discriminate between poorly screened multiplets of
the 2p53d9 final state, mainly responsible for the satellite and a well screened 2p53d10L final
state for the main line emission, where L denotes that the intrinsic valence band hole is
situated in the ligands surrounding the Cu 2p core hole site. The energy separation and
the intensity ratio of these spectral features are determined by the valence band-core hole
interaction energy Udc, the effective Cu 3d-O 2p hopping energy t, and the charge transfer
energy between a Cu 3d and an O 2p state ∆.6 However, the experimentally observed large
width and asymmetry of the Cu 2p main line could not be understood within these models.
To tackle this problem, the single-site models have been extended to include different
sites within the Cu-O network by considering larger clusters.8 For a linear Cu3O10 cluster,
the Cu 2p main line was predicted to consist of two components:8 the lowest binding energy
feature would be due to a so-called nonlocal screening process where the valence band hole
delocalizes to form a Zhang-Rice singlet (ZRS) state on CuO4 plaquettes other than where
the core hole resides. The higher binding energy component would then be a final state where
the valence band hole is predominantly located in the O 2p states immediately surrounding
the core hole site and is consequently called a locally screened final state. In order to calculate
the Cu 2p XPS of larger systems (such as infinite chains or planes) further approximations
have to be made.9 Such calculations appear to show, however, that in general there remain
considerable cluster-size dependencies in the results. For example, the prominent double-
featured main line predicted for the linear Cu3O10 cluster
8 appears to be absent in larger 1D
and 2D systems.9 This is in agreement with previous Cu 2p photoemission data of different
cuprates where no double feature in the main line has been reported,10,11 but it disagrees
with a recent study of Sr2CuO2Cl2 where the Cu 2p main line is shown to consist of at least
three distinct features.12
Therefore, a complete study of the Cu 2p photoemission as a function of both the dimen-
sionality and the Cu-O-Cu interaction geometry is needed to put the multiple-site models
on a sound basis and to directly verify the different screening channels experimentally. Fur-
thermore, based upon the multiple-site screening approach, XPS offers an elegant way to
study the dynamics of hole states in different Cu-O networks. In this paper we present
the first systematic study of Cu 2p photoemission in various undoped cuprates with 0, 1,
and 2D Cu-O networks. In particular, using high-resolution XPS, we examine high-quality
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single-crystals of Bi2CuO4, Li2CuO2, Ba3Cu2O4Cl2, Sr2CuO3, SrCuO2, Sr2CuO2Cl2, and
Ba2Cu3O4Cl2. These systems together represent a wide variety of Cu-O network structures
as depicted in Fig. 1.
For the 1D systems, we study the extreme Cu-O-Cu interaction angles, ranging from
180◦ in the linear chain Sr2CuO3 to nearly 90
◦ in Li2CuO2. Both of these limiting Cu-O-Cu
configurations play a defining role in the physics of the spin-ladder systems13 which are
currently of great interest. We also include Bi2CuO4 in this study as a representative of a
so-called zero-dimensional (0D) system. In this compound, the CuO4 plaquettes are stacked
along the c direction with O-Bi-O bridging units14 and no coherent Cu-O network is realized.
Ba3Cu2O4Cl2 contains chains of edge-shared CuO4 plaquettes, which are so arranged as to
give a crenellated Cu-O network as depicted in Fig. 1.15
Sr2CuO2Cl2 is considered to be the paradigm 2D spin-
1
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Heisenberg antiferromagnet.16
Ba2Cu3O4Cl2 has a similar structure to that of Sr2CuO2Cl2,
17 although its Cu-O network
is composed of a regular CuO2 plane (denoted by CuA in Fig. 1) with an additional Cu site
(CuB) which is connected to the regular CuAO2 plane via a 90
◦ CuA-O-CuB configuration.
Consequently, the Cu atoms in Ba2Cu3O4Cl2 show two antiferromagnetic phase-transitions
at widely different temperatures and two different ZRS dispersion functions connected with
these different Cu sub-systems.3
The experiments were carried out using a Perkin-Elmer photoemission system equipped
with a monochromatic Al Kα source giving a resolution of about 0.4 eV. Since the samples
are insulating, corrections for charging effects were undertaken resulting in an estimated
accuracy of the given absolute energy values of ±0.3 eV. The measurements were performed
at room temperature and the crystals were cleaved in situ under ultrahigh vacuum condi-
tions. The O 1s spectra of all samples show negligible emission at binding energies greater
than 531 eV, which indicates clean samples. We found that the shape of the Cu 2p spectra
depends critically on the cleanliness of the oxygen signal.
In Fig. 2 we show the Cu 2p 3
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spectra of the cuprates. An integral background has been
subtracted and the spectra are normalized to the leading peak. The area of the Ba2Cu3O4Cl2
spectrum is multiplied by a factor of 1.5 compared to that of Sr2CuO2Cl2, assuming it to be
proportional to the number of Cu atoms in the Cu-O plane for reasons to be shown later.
The spectral features for all crystals studied are summarized in Table I.
In the following, we will describe the salient features of the Cu 2p main lines and then
discuss the role of the electronic states near the chemical potential in the screening processes
responsible for the observed structures. In contrast to all previous XPS studies known to us,
the Cu 2p main line spectra show either a rich fine structure or are fairly narrow symmetric
lines. The position of the lowest binding energy feature denoted by A is the same within our
experimental accuracy for all the systems studied. The spectrum of Bi2CuO4 is very similar
to a previously published one.18 A recent low resolution XPS study also gave a comparable
spectrum for polycrystalline Sr2CuO3,
11 although, in the present case using high resolution
XPS, a shoulder denoted C ′ accompanying the leading main line feature A is clearly resolved.
The spectrum for the zigzag chain SrCuO2 closely resembles that of Sr2CuO3, whereby the
intensity of C ′ is larger in the former. In addition, referring to Table I, the satellite to main
line intensity ratio, Is/Im, is larger for SrCuO2 than for Sr2CuO3, indicating a larger ∆ for
the zigzag chain in the language of single-site models. In contrast, for Bi2CuO4, Li2CuO2,
and Ba3Cu2O4Cl2 a comparatively narrow and symmetric main line B is observed at lower
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binding energy than feature C ′ in the other 1D cuprates. At the position of feature A either
no or small spectral intensity is observed.
The spectrum of Sr2CuO2Cl2 has been discussed in more detail elsewhere,
12 The broad
main line is composed of two features denoted A and B, and a prominent shoulder C appears
at higher binding energies. Compared to Sr2CuO2Cl2, the feature B in Ba2Cu3O4Cl2 is much
more pronounced. For both 2D systems, Is/Im is nearly the same whereas C is positioned
at different binding energies. Significantly, the position of feature B is very close to that of
the main lines of Bi2CuO4, Li2CuO2, and Ba3Cu2O4Cl2.
To understand these features we will focus first on the 0D and 1D systems and relate the
main line features to the differently coupled CuO4 units in Bi2CuO4, Li2CuO2, Ba3Cu2O4Cl2,
SrCuO2, and Sr2CuO3, assuming the simplified geometry of the Cu-O networks displayed
in Fig. 1. In the case of Bi2CuO4, the interpretation of the main line spectrum is straight-
forward: since no coherent planar or linear Cu-O network exists, only a local screening
process is possible. Similar arguments can be applied to Li2CuO2 as the edge-sharing con-
figuration of the CuO4 plaquettes with 90
◦ Cu-O-Cu interactions does not support direct
oxygen-mediated hole hopping. The hopping processes are instead determined by the small
parameter tpp. The similarity of the spectrum of Ba3Cu2O4Cl2 to that of Li2CuO2 shows
that, despite its more complex structure, the former also represents an essentially 1D chain
of edge-sharing plaquettes. Thus in Bi2CuO4, Li2CuO2, and Ba3Cu2O4Cl2 the Cu 2p main
line is mostly due to local screening processes, with negligible contribution from the ZRS
screening channel or delocalization into O 2p band states and can therefore be assigned to
a 2p53d10L final state using the language of single-site models.
Comparing the spectra of Sr2CuO3 and SrCuO2 with those of the systems built of edge-
sharing plaquettes, it is clear that the former supports no locally screened final states (i.e.
peak B is missing). This conclusion is supported by recent multiple-site calculations for
Sr2CuO3 within the three-band d-pmodel,
19 in which no local screening channel is predicted.
Based upon these calculations, feature C ′ represents a screening channel specific to 1D
systems in which one half of the hole density pushed out from the core hole site is transferred
to the O sites above and below the Cu core hole site, whereas the rest is situated at the
two extremes of the cluster chain due to the large tpd hopping parameter.
19 The intensity
of this 1D O 2p band screening channel depends on the charge transfer ∆ between Cu and
O.19 Finally, we assign feature A to the ZRS screened final state. Although the calculation
reproduces the experimental spectrum fairly well, the detailed shape of the main line of
the present high-resolution spectrum and the position of C ′ in particular are not accurately
predicted.20 This emphasizes that, even for this simplest chain system, the frequently used
d-p model based upon Cu 3dx2−y2 and O 2px,y orbitals is insufficient and probably has to be
extended to include further Cu 3d states and the inequivalency of the O sites in the chain.
The dependence upon the coupling path between the CuO4 plaquettes also offers a
simple explanation for the narrow Cu 2p main line observed in NaCuO2.
21 In this case, the
plaquettes are edge-shared and in light of the data presented here only a locally screened
final state would be expected.
As regards the 2D systems, we note first that the main line features B have similar posi-
tions to those in Li2CuO2, Bi2CuO4, and Ba3Cu2O4Cl2 but that additional features A and
C appear. Comparing the spectra of Ba2Cu3O4Cl2 and Sr2CuO2Cl2 and using arguments
analogous to those presented above, we attribute A to the ZRS screened final state and
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the intensity increase of B compared to A in Ba2Cu3O4Cl2 to the CuB site present in the
latter. Since CuB is connected to the CuAO2 network only via 90
◦ CuB-O-CuA coupling,
the hopping matrix elements are given by tpp and therefore screening will mostly take place
locally through the adjacent O sites giving a 2p53d10L final state. This interpretation is
supported by the fact that the difference between the scaled Ba2Cu3O4Cl2 and Sr2CuO2Cl2
Cu 2p spectra is very similar to those of Bi2CuO4, Li2CuO2, and Ba3Cu2O4Cl2. The in-
troduction of an extra Cu site appears not to affect the intensity of feature C, which we
attribute to a 2D O 2p band screening channel.9,12 For smaller square-planar clusters it has
been shown that the final states constituting the O 2p band screening channel have little
overlap with the O sites neighboring the core hole site and tend to spread over the whole
cluster also interacting only weakly with the Cu spins.9 This justifies the notion of an O 2p
band screening in two dimensions distinct from the ZRS and local screening channels. The
different binding energies of C could be related to the different Cu-O bonding distances of
1.95 A˚ and 1.99 A˚ in Ba2Cu3O4Cl2 and Sr2CuO2Cl2, respectively, since the energy difference
between the ZRS and the O 2p band screened final states is expected to depend among other
parameters on the hopping energy tpd.
Nevertheless, the large intensity of feature B in Sr2CuO2Cl2 (or in the CuAO2 part of
the Ba2Cu3O4Cl2 spectrum) remains wholly unexplained within the three-band d-p model
in which the Cu 2p main line should consist of only two features with large spectral weight,
which would approximately reproduce features A and C in the experiment.12 An important
lesson we derived from the discussion of the much simpler linear chain Sr2CuO3 was that the
XPS final state is in fact a highly excited state and it is probable that two-hole final states
of higher binding energies also have to be considered involving for example apical, i.e. non-
planar, orbitals. A recent calculation has shown that out-of-plane interactions can stabilize
higher binding energy two-hole states.22 The probability that these states delocalize depends
on the small hopping parameter tpp and thus in accordance with the discussion above, they
would lead to a locally screened final state.
In conclusion, we have presented high-resolution Cu 2p XPS of 0, 1, and 2D high-
quality single-crystalline cuprates in which we distinguish between the locally and non-
locally screened contributions to the main lines. In Bi2CuO4, Li2CuO2, and Ba3Cu2O4Cl2,
the main line is essentially due to a locally screened final state. Thus we predict that the low-
est electron removal states in these materials will be practically dispersionless in nature. In
contrast, we could show that the chain systems based upon corner-sharing CuO4 plaquettes
(SrCuO2, Sr2CuO3) display spectral weight due only to nonlocal screening processes, which
is in qualitative agreement with calculations within the three-band d-p model. The spectra
of the two dimensional systems (Sr2CuO2Cl2, Ba2Cu3O4Cl2) result from a combination of
nonlocal screening via ZRS formation and the O 2p band, as well as a strong locally screened
contribution, in contradiction to calculations. These data represent an ideal experimental
basis for the testing of models describing core hole screening in correlated systems.
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FIGURES
FIG. 1. Sketch of the Cu-O networks in the different cuprates examined. Cu atoms: •; O
atoms: ◦. a) the linear chain in Sr2CuO3, b) the zigzag chain in SrCuO2, c) the chain of edge-shared
plaquettes in Li2CuO2, d) the CuAO2 plane in Sr2CuO2Cl2 and the Cu3O4 plane in Ba2Cu3O4Cl2
containing an extra CuB site (✷) and e) the crenellated chains of Ba3Cu2O4Cl2.
FIG. 2. Cu 2p 3
2
photoemission spectra of the single-crystalline cuprates. The 1D chain
systems a) SrCuO2, b) Sr2CuO3, c) Li2CuO2, and d) Ba3Cu2O4Cl2; e) 0D Bi2CuO4; planar f)
Sr2CuO2Cl2and g) Ba2Cu3O4Cl2. Also shown is the difference spectrum g)−f).
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TABLES
TABLE I. Features of the Cu 2p 3
2
photoemission spectra of Fig. 2 obtained with a Voigt
function fit: included are the binding energies of the different main line features, their full width
at half maximum (in brackets), and the ratio of the satellite to the main line intensity Is/Im.
Compound A B C ′ C Is/Im
Bi2CuO4 - 934.1 - - 0.58
a
(1.6)
Sr2CuO3 933.0 - 934.8 - 0.37
(1.6) (2.0)
SrCuO2 932.9 - 934.8 - 0.40
(1.4) (2.2)
Li2CuO2 - 934.0 - - 0.56
(1.6)
Ba3Cu2O4Cl2 - 933.8 - - 0.62
(1.1)
Ba2Cu3O4Cl2 932.7 933.8 - 935.7 0.50
(0.8) (1.9) (2.2)
Sr2CuO2Cl2 932.8 933.9 - 936.1 0.52
(1.0) (2.2) (1.8)
Difference - 933.9 - 935.5 0.45
(1.2) (1.5)
aEmission from the Bi 4s core level contributes at about 940 eV, consequently this value is an
upper estimate.
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